Intensive studies of entanglement properties have proven essential for our understanding of quantum many-body systems. In contrast, much less is known about the role of quantum nonlocality in these systems because the available multipartite Bell inequalities involve correlations among many particles, which are difficult to access experimentally. We constructed multipartite Bell inequalities that involve only two-body correlations and show how they reveal the nonlocality in many-body systems relevant for nuclear and atomic physics. Our inequalities are violated by any number of parties and can be tested by measuring total spin components, opening the way to the experimental detection of many-body nonlocality, for instance with atomic ensembles.
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L
ocal measurements by different observers on entangled composite quantum systems may lead to correlations that are not of classical nature (1) . This phenomenon is known as nonlocality (2) and is detected by means of the so-called Bell inequalities (1) . These are linear inequalities formulated in terms of the probabilities that result from the local measurements performed by the observers, and their violation signals nonlocality. Apart from its fundamental interest, nonlocality has also become a resource for certain informationtheoretic tasks, such as secure key distribution (3) (4) (5) or certified quantum randomness generation (6) (7) (8) . Hence, revealing the nonlocality of a given composite quantum state is one of the central problems of quantum information theory.
An intensive theoretical effort has been devoted in recent years to the study of entanglement in many-body systems (9) (10) (11) (12) (13) (14) (15) , but the role of nonlocality in such systems has hardly been explored. Entanglement and nonlocality are known to be inequivalent quantum resources. In principle, a generic many-body state-say, a ground state of a local Hamiltonian-is pure, entangled, and because all pure entangled states violate a Bell inequality (16), also nonlocal. However, this result cannot be easily verified because the known Bell inequalities (17-21) usually involve products of observables of all observers (also referred to as parties). Unfortunately, measurements of such observables are out of reach in many-body systems, in which one has access only to few-body correlations, often two-body. Thus, the physically relevant question concerning the nonlocality of many-body quantum states is whether its detection is possible by using only two-body correlations.
When tackling this problem, one has to face the following technical challenges. First of all, finding Bell inequalities that are valid for an arbitrary number of parties is usually a difficult task because the complexity of characterizing the set of classical correlations scales exponentially with the number of parties. Second, one can expect that high-order correlations-that is, those among several measurements made by the observers-carry most of the information about the correlations in the system. Consequently, Bell inequalities based on them reveal the nonlocality most efficiently. Whereas Bell inequalities involving correlations among all but one parties have been constructed in (22) (23) (24) , thus proving that all-partite correlations are not necessary to reveal nonlocality, here we have to consider the more demanding question of whether nonlocality detection is possible for systems of an arbitrary number of parties from the minimal information achievable in a Bell test-two-body correlations. We provide a positive answer to this question by proposing classes of Bell inequalities constructed from one-and two-body expectation values that are violated by many-body quantum states.
We considered a Bell experiment in which N spatially separated observers perform measurements on their shares of some N-partite composite quantum state r. We focused on the simplest case, in which each party freely chooses one of two dichotomic measurements, whose outcomes are T1; we denote these measurements by M Within this framework, we say that the correlations represented by Eq. 1 are classical (or local) whenever they can be simulated by the observers with shared classical information as the only resource. Such correlations form a polytope ℙ that is a bounded convex set with a finite number of extreme points (Fig. 1) . The polytope ℙ of classical correlations can be fully determined by a finite number of tight Bell inequalities, those corresponding to the facets of ℙ. Correlations that fall outside of ℙ are nonlocal.
The general form of a Bell inequality involving only one-and two-body mean values is The complete characterization of ℙ 2 reduces to finding all of its facets-tight two-body Bell inequalities. Although the dimension of ℙ 2 is 2N 2 , which is much smaller than the one of ℙ, 3 N − 1, it still grows with N, thus making difficult the task of determining the facets of ℙ 2 for large N. One way to reduce the complexity of this problem is to consider Bell inequalities that obey some symmetries. In the spirit of (20), we focus on Bell inequalities with one-and two-body correlators that are symmetric under permutations of the parties.
By imposing the permutational symmetry, one requires that the expectation values 〈M ðiÞ k 〉 and 〈M ðiÞ k M ðjÞ l 〉, with fixed k, l and different i, j, appear in the Bell inequality Eq. 2 with the same "weights," that is, a i = a or b i = b, and so on. This means that the general form of a symmetric Bell inequality with one-and two-body correlators is
where a, b, g, d, and e are real parameters. By S k and S kl with k, l = 0, 1, we denote the oneand two-body correlators symmetrized over all observers We 
A particular example of a Bell inequality of this form arises from x = y = −s = 1 and a − = −2. According to Eq. 5, b N C ¼ 2N, and the resulting Bell inequality is
To search for quantum violations of this inequality, we considered the case in which all parties measure the same pair of observables (our numerical results suggest that this does not imply any loss of optimality) angle q N for which these violations are achieved-are presented in Fig. 2A. In Fig. 2B , the minimal eigenvalue of B N (q) is also plotted as a function of q for few values of N. The relative maximal violation grows with N. Additionally, the ranges of q for which our inequality is violated increases with N, which reflects its robustness against measurement misalignment. Noticeably, it can also be robust against white noise and particle losses [(25), section 2.3]. We then found that the quantum state giving the maximal violation is always symmetric-that is, it belongs to the symmetric subspace of an N-qubit Hilbert space (there are also states violating this inequality that are orthogonal to the symmetric subspace). Because any N-qubit symmetric state is entangled if, and only if, it is genuinely multipartite entangled (26), our Bell inequalities detect states that have genuine multipartite entanglement. Moreover, because the state is symmetric under permutation of the parties, it follows from (27) that all the twobody reduced states are local in the considered scenario.
The next question we analyzed is whether the derived Bell inequalities are powerful enough to reveal nonlocality in "physically relevant" states, such as ground states of spin models that naturally appear in many-body physics. We show that this is the case by constructing a class of two-body symmetric Bell inequalities that are violated by the Dicke states (28). These are symmetric Nqubit states that read with k = 0,...,N, where jf0;N−kg;f1;kg〉 is any pure product vector with N − k qubits in the state j0〉 and k in the state j1〉, and S denotes symmetrization over all parties. It is worth mentioning that jD k N 〉 are genuinely multipartite entangled for any k ≠ 0, N > 1, and the state jD 3 6 〉 was recently generated experimentally (29, 30) .
In many-body physics, the Dicke states arise naturally as the lowest-energy eigenstates of the isotropic Lipkin-Meshkov-Glick Hamiltonian (31) 
with every local mean value being T1; these are correlations in which every observable has a welldefined value. The yellow point indicates an example of nonlocal correlations outside the local polytope; the thick line represents a tight Bell inequality (facet of the polytope). 
The same violation can be obtained for k ¼ ⌊N =2⌋ by renaming (flipping) the outcomes of (Fig. 3A) . Although the above choice of measurements allows one to analytically find the quantum violation for any N, this is not the optimal one. In fact, by taking M 0 to be the most general real measurement, we can dramatically increase the violation of our Bell inequalities; in particular, we can improve the scaling with N to 1/N [(25), section 3.2].
We conclude by discussing the possible implementation of the previous results. Our main aim here is not to perform a proper loopholefree Bell experiment but to provide feasible methods with which to witness whether manybody systems feature nonlocality. Our inequalities, which involve only two-body correlators, are violated by symmetric states. Such states appear naturally as ground states of models that can be realized with ultracold atoms or ions, such as Lipkin-Meshkov-Glick-like models with long-range interactions [ionic spin-1/2 and spin-1 realizations are available in (33) and references therein; cold atoms in nanophotonic waveguides are available in (34)] or degenerate ground states of the ferromagnetic Heisenberg model (35) .
Last, in the case in which all observers measure the same pair of observables, as discussed above, the one-and two-body symmetric expectation values, and therefore the Bell violation, can be estimated via collective measurements of total spin operators S a ¼ ð1=2Þ∑ tities are routinely measured in atomic systems such as atomic ensembles and optical lattices with current experimental technologies, such as spin polarization spectroscopy (36, 37) . Such collective measurements were already proposed (38) and implemented (36) for entanglement detection in many-body systems. Therefore, our work opens the way to the theoretical and experimental study of the nonlocal correlations of manybody states. Information Theory with black BOXes (CoG QITBOX). This publication was made possible through the support of a grant from the John Templeton Foundation. 
